A differential surface plasmon ellipsometry technique is presented which allows the sensing of refractive index changes in aqueous solutions at the level of better than 5 × 10 −7 refractive index units. This level of sensitivity is comparable to the best currently available surface plasmon based sensing systems and can be implemented as a bio-chemical sensor. The technique has the additional advantage of being ideally suited to the development of a multi-channel array sensor.
Introduction
The interest in optical biological and chemical sensing technologies has never been higher than in recent years. The demand for increased sensitivity and parallelism has arisen not only from areas of pure research, such as the burgeoning field of proteomics, but also from pharmaceutical industries due to its utilization in drug discovery processes. A wide range of optical methods are exploited in bio-chemical sensors including interferometry [1] , spectroscopy in optical waveguides [2] , fluorescence spectroscopy [3] and surface plasmon resonance (SPR) [4] [5] [6] . Fluorescence spectroscopy offers ultra-high sensitivity but requires the use of fluorescent labels, which is frequently undesirable. On the other hand, interferometric, waveguiding and SPR techniques have the advantage of being label-free. The label-free nature of these devices means that it is possible to determine not just the presence of an analyte but how it binds to a surface. Additionally, they allow many reactions to be studied in real time, allowing the reaction binding kinetics to be quantified in detail.
Surface plasmon polaritons (SPPs) (commonly called surface plasmons) are localized electromagnetic fields coupled to charge density oscillations at the interface of a metal and a dielectric [7] . SPR sensors utilize the property that the SPP is sensitive to changes in the local refractive index of the dielectric. The evanescent fields of the SPP decay into both metal and dielectric media, with a decay length in the dielectric which is typically less than half the incident wavelength. For a planar interface the in-plane wavevector of the SPP, k spp , is given by
where ε m and ε d are the permittivities of the metal and dielectric media, respectively, and k 0 is the wave vector in free space. Any change in the local refractive index and therefore the permittivity (ε d ) either by way of a bulk index change or, as for instance in the case of a biosensor, by the binding of an analyte to the SPP active interface thus changes the SPR excitation conditions. Various methods of probing these changes are utilized in SPR sensors such as angle [8] , wavelength [9] and phase [10] . By controlling the surface chemistry at the SPP active interface a generic SPR sensing system can be tailored allowing a large range of different analytes to be monitored. Examples of detection studies found in the literature include the monitoring of pesticide atrazine in water, where a real time analysis was done by Minunni and Mascini and a detection limit of 0.05 ng mL −1 was determined [14] , the detection of concentrations of morphine as low as 0.1 ng mL −1 obtained by Sakai et al [15] , a concentration limit of 0.1 ng mL −1 of methamphetamine using a SPR based biosensor developed by Sakai et al [16] , a lowest detection limit of 6 µg mL −1 of E.coli protein toxin by Spangler et al [17] and Choi and co-workers used a commercial SPR sensor produced by Biacore (Biacore X) to detect botulinum toxin in concentrations as low as 2.5 µg mL −1 [18] . It is clear from this small sample of the literature that SPR sensors are regularly used in a wide range of fields including environmental analysis, medical diagnostics, food safety, etc as well as the previously mentioned drug discovery. However, their use is not limited to detection studies; they are also regularly used in research studies for subjects such as proteomics and surface chemistry. Examples are as follows: Liu et al used an SPP based sensor to measure the length of DNA with sub-nanometre axial resolution [19] , Campagnolo et al used protein marker detection of tumour-antigen and serumantibody interactions, monitored in real time using an SPR sensor [20] , and Chou et al developed a ferritin (a nonspecific tumour marker) immunosensor using SPR [21] sensing analysis.
SPR sensing techniques are constantly being developed and refined in order to meet the increasing performance demands. The focus is on three main avenues of research: (1) increasing the sensitivity, (2) miniaturization, so that SPR sensors can be utilized in the field, and (3) increasing the number of simultaneous sensing channels [4, 5] . A technique that offers sensitivity levels comparable to the best SPR sensing methods with the additional capability of being simply multiplexed is presented here, the eventual aim being to produce an ultra-sensitive sensor with many parallel sensing channels.
Theory
As previously noted a SPP is a longitudinal surface charge density oscillation at the boundary between a metal and a dielectric. If the metal has a negative real part to ε m which is greater in magnitude than ε d then equation (1) shows that for a planar interface the incident radiation needs to have an in-plane wavevector enhanced beyond the maximum wavevector available in the dielectric. A simple way to achieve this is using attenuated total reflection in which radiation is incident within a prism at an angle beyond the critical angle for the surface which supports the SPP [6] . Further in this planar geometry the SPP may only be coupled by incident transverse magnetic (TM or p) polarized light as there must be a component of the incident E-field normal to the metal surface to excite the charge density oscillation. When linearly polarized light containing both TM and transverse electric (TE or s) components is incident upon a Kretschmann-Raether SPP system [22] , near the SPR condition, it is well known [5] that there is a change in the phase of TM polarization of the reflected light, whilst the phase of TE polarized light is relatively unchanged. This is illustrated in figure 1 , where the reflectivity and phase of both TM and TE light are plotted as a function of the internal angle (the angle measured from the normal to the incident face inside the prism) in a simple angle scanning system. Because the two orthogonal polarizations (TM and TE) are phase shifted with respect to each other the reflected light becomes elliptically polarized. Since the phase difference changes rapidly as a function of the incident angle close to the resonance condition the ellipticity and azimuth of the ellipse also change rapidly. An increase in the refractive index of the bounding dielectric moves the resonance and thereby changes the output optical phase. In particular, if an angle of incidence is chosen close to the resonance p-reflectivity minimum and the local refractive index of the bounding dielectric is altered, the polarization state of the reflected light may change dramatically. Indeed, tiny changes in the refractive index can lead to macroscopic changes in the polarization state. For example, from multi-layer optics modelling it can be shown that a change in the refractive index of 5 × 10 −5 RIU gives a 1
• rotation of the azimuth of polarization [23] when optimized (to be defined later) for an SPP excited on a gold film at a wavelength of 632.8 nm. Note that the corresponding change in ellipticity of the reflected light is much smaller than the change in the azimuth.
Given the relatively large change in the polarization state evident for small refractive index changes, a method for determining very small changes in the polarization state will produce a refractive index sensor of exquisite sensitivity. If a polarizer is placed in the path of the reflected elliptically polarized light from a Kretschmann-Raether system and rotated the resultant transmission has the form
Therefore, the measured intensity is
where R p = r output polarizer angles, respectively. The rapid change in phase through the SPR is evident in the corresponding rapid changes in the complex reflection amplitude coefficient for p polarized light. Thus, any change in the refractive index of the bounding dielectric produces a change in the transmitted intensity through the output polarizer. Determining any change in the refractive index by monitoring changes in this intensity is most effective when the output polarizer angle is set at 45
• from the azimuth of the reflected polarization ellipse. At this angle the largest change in the transmitted intensity as a function of the refractive index is realized, with the change in the transmitted intensity also being approximately linear with the refractive index. The refractive index sensitivity of this method can be further improved through the use of a polarization modulation technique.
Sinusoidal modulation of polarization is added to the previously described system through the use of a combined photoelastic modulator (PEM) and quarter wave plate, with the frequency of modulation being approximately 47 kHz. The PEM is placed after an initial polarizer at an azimuthal angle of 45
• from the polarizer angle as shown in a schematic of the setup in figure 2. The quarter wave plate is subsequently placed after the PEM at an angle parallel to the initial polarizer. The resultant polarization state of the light exiting the quarter wave plate, and thus incident upon the KretschmannRaether SPR system, is linear, with the plane of polarization varying sinusoidally centred around the input polarizer angle. (The polarization state at any moment in time is always linear and this can be simply shown through the use of the Jones calculus.) The light intensity transmitted through the output polarizer is now periodically modulated. The intensity as a function of time can be modelled by substituting φ = φ 0 + sin(ωt) into equation (3), where φ 0 is the angle of the incident polarizer and is the modulation amplitude. After expanding the resultant expression and collecting terms in ω the following relationships for the time invariant (DC), fundamental and first harmonic components are found:
It is to be noted that the expression for the fundamental harmonic component (equation (5)) is equal to the differential of equation (3) multiplied by the amplitude of modulation. The light signal is measured using a photodiode, with the amplitude (A 1 ) of the fundamental component of the signal being determined using a lock-in amplifier monitoring at the modulation frequency. To obtain the best refractive index sensitivity the A 1 signal is set to zero by changing the output polarizer angle (this corresponds to the angle of the output polarizer being at the minimum of the polarization ellipse). This is due to a number of reasons; firstly, the rate of change in the A 1 signal around the zero point is at a maximum, secondly, this change in signal is linear with changing refractive index and, finally, the A 1 signal is independent of intensity and therefore fluctuations in the laser intensity have little effect on the monitored signal.
Thus far the influence of only certain parameters upon the refractive index sensitivity has been considered. Determining the ideal incident polarizer angle (proportion of p and s polarized components), and the incident angle in the Kretschmann-Raether configuration, has not been discussed. It has already been mentioned that it is desirable to operate around the A 1 = 0 position. In this case equation (4) can be set to zero and solved for the output polarizer angle, for which there are two possible solutions:
with ψ 1 corresponding to the positive solution and ψ 2 the negative solution. For X < 0, ψ 1 is the angle of the output polarizer corresponding to the minimum of the polarization ellipse, whilst ψ 2 is the solution for the maximum of the polarization ellipse. However, when X > 0 the reverse is true. In the case where X = 0, which can occur for specific combinations of parameters, ψ 1 = −ψ 2 and the DC level is symmetric with ψ. Therefore, under this condition the two solutions for the DC component are equal and the light is circularly polarized. The changing roles of ψ 1 and ψ 2 can be understood more clearly from figure 3 where the two solutions for the output polarizer angle which give zero A 1 are plotted as a function of the changing incident angle. Also plotted on the same graph are the corresponding DC levels for each solution. At the crossing point where the DC levels are equal the light is circularly polarized and this would give effectively no sensitivity to changes in the refractive index. The effect of intensity fluctuations in the laser can be reduced by having a low DC level, which can be controlled through the use of either the first or the second solution to A 1 = 0. As clearly seen in figure 3 the choice between the first or the second solution depends on the incident angle. The highest sensitivity will occur when the rate of change in the A 1 signal with changing refractive index in the adjacent dielectric medium is the largest. A change in the refractive index produces a change in the complex reflection amplitude coefficients. Here, the derivatives of the reflection amplitude coefficients with respect to the permittivity of the bounding dielectric were obtained by the use of a multi-layer optics code based upon recursive Fresnel equations [24] . The differentials of A 1 with respect to the amplitude coefficients are obtained analytically from equation (5) and are dA 1 dr pr = (−2 sin 2φ 0 r pr cos 2 ψ + sin 2ψ cos 2φ 0 r sr ),
dA 1 dr sr = (2 sin 2φ 0 r sr sin 2 ψ + sin 2ψ cos 2φ 0 r pr ),
dA 1 dr pi = (−2 sin 2φ 0 r pi cos 2 ψ + sin 2ψ cos 2φ 0 r si ),
dA 1 dr si = (2 sin 2φ 0 r si sin 2 ψ + sin 2ψ cos 2φ 0 r pi ),
where ψ is given by equation (5). Combining equations (8), (9), (10) and (11) allows the calculation of sensitivity maps, from which the input polarization angle and the incident angle in the Kretschmann-Raether configuration giving the highest sensitivity to refractive index changes can be obtained. In figure 4 an example of such a modelled sensitivity map for a 50 nm thick gold film with a permittivity of ε m = −10 + i for an incident wavelength of 632.8 nm is shown. The differential of A 1 with respect to the permittivity of the dielectric ε d (for the solution using ψ 1 ) as a function of the incident angle (measured from the normal to the input face of the prism) and the input polarizer angle (with the angle giving TM polarized light being defined as 0 • ) is plotted as a grey scale. For clarity the reflectivity of TM polarized light is also plotted. It is clear from this plot that to obtain the highest sensitivity to changes in the refractive index an incident angle on the low angle side of the SPR with an input polarization of approximately 10
• is required.
No two gold films produced will be identical, having slightly different thicknesses, surface roughness and consequentially permittivities. This in turn affects the SPR excitation conditions. Thus, each gold film produced has its own sensitivity map and requires its own optimum setup. By analysing modelled sensitivity maps for many different films it becomes clear that if the input polarizer is set to ∼15
• , with the incident angle set to the optimum position, it is possible to be within ∼10% of the highest possible sensitivity for a wide range of gold film parameters (comfortably within the range of easy reproducibility). Since the orientations of both the PEM and the quarter wave plate are set relative to the input polarizer angle the fact that they can remain at a fixed angle for different gold films significantly simplifies the setup procedure, with the only remaining setup parameter being the incident angle in the Kretschmann-Raether configuration, which is readily set empirically.
Results and discussion
An SF2 glass substrate (n = 1.646 at 632.8 nm) was coated with an ∼50 nm thick gold film by thermal evaporation under high vacuum. This was subsequently indexmatched onto a 60
• prism in the Kretschmann-Raether arrangement. Onto the gold coated surface was affixed a simple polytetrafluoroethylene (PTFE) flow cell, the complete sample being mounted onto a computer controlled rotating table (with an angular resolution of 0.001
• ). The light produced by a 632.8 nm wavelength HeNe laser was polarized at a 15
• azimuthal angle before passing through the PEM (modulating at 47 kHz and oriented at a 45
• azimuthal angle relative to the angle of the incident polarizer) and the quarter wave plate (oriented parallel to the angle of the incident polarizer). The resulting modulated linearly polarized light is then incident through the prism on to the gold film and the reflectivity, on passing through a second polariser, is detected by a photodiode detector connected to a lock-in amplifier monitoring at the modulation frequency. This setup is schematically shown in figure 2 .
To obtain the highest possible refractive index sensitivity the optimal angle of incidence needs to be determined. As previously mentioned, this angle occurs on the lower angle side of the SPR. Using the fact that, for small refractive index and incident angle changes, a change in the incident angle at a fixed refractive index is equivalent to a change in the refractive index at the fixed incident angle, it is possible to use angle scans to determine this optimal position. An incident angle is chosen and the output polarizer is rotated to ensure that the signal measured on the lock-in amplifier (the fundamental frequency component) is as close to zero as possible (the output polarizer is oriented at the minimum of the reflected polarization ellipse). An incident angle scan is then performed over a small angle range (a few degrees), with the gradient of the signal as a function of the incident angle being determined. This is performed for several initial incident angles, with the angle at which the largest gradient is obtained (often interpolated from the points measured) being chosen. This gives a maximum change in the signal as a consequence of shifts in the SPR condition.
To measure the absolute sensitivity of the system to changes in the refractive index different liquids of known refractive index are passed through the flow cell and the change in the signal is monitored. This was achieved by the use of solutions consisting of dilutions of iso-propan-2-ol (IPA) in water. The solutions used here were 0.5%, 0.25%, 0.125% and 0.0625% IPA by volume in water, created by binary division of a 1% solution. At these low percentages the change in the refractive index as a function of the concentration is linear, and therefore the refractive index of each solution is readily calculated. (At room temperature the refractive index of water is 1.33 at 632.8 nm whilst that of IPA is 1.37.) This bulk refractive index change experiment is useful as it allows a simple and direct comparison with other existing techniques.
Pure water was flowed through the cell at 4.95 ml h −1 using a syringe pump. After the baseline level had been established water was replaced with an IPA-in-water solution before reverting to pure water again. This process was then performed for all other IPA-in-water solutions, with the results for one typical series of experiments shown in figure 5 . The measured signal as a function of time is plotted, with each step change corresponding to a bulk refractive index change. Small variations in the signal immediately preceding each bulk index change are noticeable in the plot. These are caused by sudden changes in the pressure of the fluid, leading to a small change in the refractive index, when the solutions are exchanged in the syringe pump. A slowly varying trend in the data linked to the temperature drift of the sample has been removed. One method for determining the sensitivity of the system, or the smallest resolvable index change, is to divide the signal difference obtained when the fluid in the system is changed by twice the standard deviation of the noise (if Gaussian noise is assumed, 95% of the data points will lie within 2 standard deviations of the mean value of the signal) and then multiplying this by the index change corresponding to that change in the fluid. Several experiments were performed similar to those resulting in figure 5 . The results of all these experiments are tabulated in table 1 along with their associated errors. It is clear from these results that repeatable refractive index sensitivities of better than 5 × 10 −7 RIU are obtained. Using a single standard deviation, Biacore claims a refractive index sensitivity of 3 × 10 −7 [10] meaning that the worst case result of 5 × 10
RIU in this system is better than the industry standard [10] [11] [12] .
Another important feature of a bio-chemical sensor is linearity. Here the test of linearity is shown in figure 6 , where the measured signal as a function of the expected refractive index change for three typical experiments is shown. The variations in the three data sets are believed to be due not to errors in the measurement of the refractive index, but rather to small variations in the mixing process used to produce IPA in water solutions. These data show that the method is linear over a range of refractive index changes of up to at least 2 × 10 4 RIU, though it is expected that the linear range will be much greater than this.
This method is comparable to most of the current SPR based sensors in use [4, 5, [11] [12] [13] ; this is because SPR sensors, regardless of the design, will all suffer from variations in the refractive index associated with environmental factors, in particular variations in temperature and pressure. Achieving higher sensitivities requires very good control of these variables or the use of reference channels to eliminate their effects. Thus, one of the driving forces behind multi-channel sensors is to not only detect multiple analytes simultaneously but also to allow such reference channels. By the use of phase sensitive array detectors [25, 26] differential imaging using differential ellipsometry of waveguide modes can be achieved [27] and work is ongoing to produce a similar imaging system for an arrayed SPR sensor.
Conclusions and future work
A form of refractive index sensor, intended for use as a bio-chemical sensor, based upon ellipsometric interrogation of a SPR has been presented. The change in the polarization state of the light reflected from a Kretschmann-Raether SPR system is monitored as the refractive index of the dielectric adjacent to the SP active interface is altered. With an optimized setup a refractive index sensitivity of better than 5 × 10 −7 RIU has been obtained for every sample produced, demonstrating the repeatability of the method. This sensitivity is comparable to the state of the art currently available and, additionally, this method could be easily adapted into a multi-channel array sensor.
